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Abstract

Geomorphological evaluation was carried out for three drainage basins named Hareer, Dwaine, and Hijran, which are tributaries
of the Greater Zab River in the northern part of Erbil Governorate, the Iraqi Kurdistan Region, north Iraq. The exposed rocks in
the three basins are mainly clastic rocks (sandstone, claystone, and conglomerate, with subordinate gypsum and limestone beds).
However, in the uppermost parts of the basins, thick and massive carbonate rocks are exposed. Tectonically, the three basins are
located in the Low Folded and High Folded Zones, which belong to the Zagros Fold—Thrust Belt. The main aim of the current
study is to deduce the tectonic activity of the area occupied by the studied three basins. We have used and interpreted Radar
Topography Mission (SRTM) data to perform the geomorphological evaluation. Different geomorphological indices and forms
were used to deduce the tectonic activity of the area occupied by the three basins. Accordingly, seven orders of streams were
identified in the three basins. The number of the streams with low order (i.e., 1) joining with higher order (i.e., 6 and 7) is
considerably higher in the three basins. The Hat values of the three basins are 12,971, 10,479, and 7014 in Hareer, Dwaine, and
Hijran basins, respectively. The values of hierarchical anomaly index (Aa) of the three basins are 1.87, 1.35, and 2.37 in Hareer,
Hijran, and Dwaine basins, respectively. It was observed that the shape of Hareer and Shakrook anticlines has a significant impact
on the main trunk of the channel. Therefore, when an anticline and syncline are close to each other (due to thrust faulting), then
the hierarchical anomaly increases because the river trunk receives a lot of first-order streams, e.g., in Dwaine and Hijran basins.
The lateral growth in the eastern part of Safin anticline had caused increasing of the Aa. The increased hierarchical anomaly index
is attributed to the existence of faults and lineaments, which represent weakness zones. The hypsometric curves of the three
basins have a typical shape of old stage with rejuvenation in their central and terminal portions which is changed into mature
stage, most probably due to the local uplift which is caused by normal, thrust, and strike—slip (oblique) faults which exist in the
study area and the near surroundings. The Bs and Hat values in Hareer, Dwaine, and Hijran basins indicate that the basins exhibit
low, medium, and high tectonic activity, respectively.
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Introduction

The stream network is a good substitute indicator for the land-
form organization, and the density of the lowest-order streams
clearly delimits the landforms (Cudennec and Fouad 2006).
Moreover, the morphometric indices are tools for analyzing
the drainage systems and evaluating tectonic activity in a giv-
en area (Keller and Pinter 2002). In tectonically active areas
the like Iraqi Kurdistan Region, the drainage basins can give
good indication for the activity of the tectonics in a concerned
Geomorphic Researcher, Hannover, Germany area, especially when the area is located nearby to boundaries
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tectonic boundary (Fouad 2012). Due to the collision, which is
still active the Zagros Thrust-Fold Belt through which the
Zagros Foreland is located is formed including tens of anti-
clines of different type and sizes, almost all of them include
drainage basins that show reflection to the tectonic activity in
different forms and intensities.

Three drainage basins were studied, they are surrounded by
four main anticlines called Hareer, Shakrook, Safin, and
Pirmam, all are located in the Zagros Fold-Trust Belt (Fouad
2012) (Fig. 1). This study was performed because the drainage
systems including rivers, streams, and valleys are the main
features of any drainage basin and the quantitative study of a
drainage system gives significant ideas about the tectonic activ-
ity of the basin area (Burbank and Anderson 2001, and Keller
and Pinter 2002). The hierarchical organization of the drainage
networks of three basins were studied and analyzed by means
of bifurcation ratio (Horton 1945; Strahler 1952). Both workers
presented new concepts in the analyzing of the drainage system
by means of stream ordering. However, in order to have better
definition of the hierarchical organization of a drainage system,
Avena et al. (1967) introduced the bifurcation index (R), hier-
archical anomaly number (Ha), and hierarchical anomaly index
(Aa). Avena et al. (1967) have used the parameters of the hier-
archy of a drainage network, such as the bifurcation ratio (Rb)
and bifurcation index (R) in recognizing of some poorly orga-
nized hydrographic networks in Italy.

Recently, many published studies have dealt with the mor-
phometric characteristics of drainage system of many basins
and sub basins in different parts of the globe (Tatar et al. 2002;
Ramsey et al. 2008; Guarnieri and Pirrotta 2008 and Bahrami
2013). Burbank and Anderson (2001) studied the relation-
ships between landslides and drainage network and
concluded that geomorphological analysis of the drainage
network has been performed to evaluate the influence of
landslide processes on morphometric properties of the

drainage network. Bahrami (2013) analyzed the anomaly of
the drainage system of Zagros Basin in Iran and stated how the
shape of the anticline has an impact on the growth of the
streams. Moreover, Santangelo et al. (2013) focused on the
impact of the fault system on the order of the stream and
studied the effect of the tectonics on stream ordering.

Many concepts (example Ramsey et al. 2008; Deffontaines
and Chorowicz 1991; Jackson et al. 1998; Sung and Chen
2004; Reifetal. 2012 and Delcaillau et al. 2006) were adopted
in this study; they explain the effect of the vertical and hori-
zontal motions of crustal rocks and erosional processes in the
development of landscapes in tectonically active areas and
their role in shaping of the studied three basins. Other evi-
dence for active tectonics can be deduced from drainage pat-
tern and anomaly analysis (Talling and Sowter 1999;
Jamieson et al. 2004; Zhang et al. 2006; Bretis et al. 2011;
Devietal. 2011 and Simoni et al. 2003; Oberlander. 1985). In
the studied four folds, indicators for fold growth and segmen-
tations which can be preserved as geomorphological features
were checked and indicated from satellite images and were
confirmed in the field. Among the geomorphological features
are fork-shaped and curved valleys which are good evidence
for tectonically active drainage basins at different areas. For
example, at Zagros Range in Iran (Bahrami 2013), at Pirmam
and Safeen anticlines in north Iraq (Bretis et al. 2011), and at
Qara Dagh anticline in northeast Iraq (Sissakian et al. 2018).
We have noticed such valleys in the anticlines of the studied
area. Whaleback-shaped anticlines also were used as an indi-
cator for tectonically active folds in the active and young
Zagros Folded—Thrust Belt (Bretis et al. 2011); they also no-
ticed that the anticlines are with large variation of fold dimen-
sions. This indication was also used as one of the parameters
in deducing the lateral growth of Qara Dagh anticline in north-
east Iraq (Sissakian et al. 2018). We have noticed the same
morphological form in Hareer anticline.

Fig. 1 Satellite image facing NE
showing the studied three basins
and surrounding four anticlines
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The main aim of this study is to evaluate the tectonic ac-
tivity of the studied drainage basins, Hareer, Dwaine, and
Hijran streams which drain to the Greater Zab River. To
achieve the aim of the current study, different geomorpholog-
ical and structural tools were used by means of using Arc GIS
techniques and Radar Topography Mission (SRTM) images,
and depending on different opinions of many authors and
aspects as mentioned above. The study area is located in the
central part of north Iraq (Figs. 1 and 2), which is a mountain-
ous area with high and long mountain chains. Majority of
them represent anticlines with very rugged topography. The
majority of studied area is located within the High Folded
Zone of Iraq (Fouad 2012).

Data used and methodology

For quantitative evaluation of a drainage system and its rele-
vance to tectonic activity, three basins were selected between
Low-Amplitude Mountainous Province and High-Amplitude
Mountainous Province to evaluate their tectonic activity. In
order to delineate the borders of the three selected basins in
this study, SRTM image, which has a ground resolution of 3
arcsecond (90 m) and a vertical accuracy of approximately
10 m, was used. This resolution allows identifying

morphometric indices such as hypsometric curve, asymmetric
factor (AF), and basin shape index (Bs). The coverage area
and perimeter measurements of the three drainage basins
(maximum and minimum elevations, mean elevations, outlet
elevation, basin shape, total length, and drainage density)
were carried out using the ArcGIS software.

For quantitative evaluation of the drainage system and its
relevance to tectonic activity, three basins were selected be-
tween Low-Amplitude Mountainous Province and High-
Amplitude Mountainous Province. The borders of basins in
the study area were delineated using SRTM image. SRTM
that has a ground resolution of 3 arcsecond (90 m) and a
vertical resolution of approximately 10 m is used. This reso-
lution allows identifying geomorphic indices. We have used
the River tools software using SRTM images for identifying
stream order. The ArcGIS software was used to obtain basin
boundaries, areas, lengths and widths of basins, number of the
orders, and also mapping of the stream order. Characteristics
of the landform of the basins, such as the maximum, mini-
mum, and mean elevations were obtained from SRTM. The
stream orders were assigned following Strahler’s ordering sys-
tem (Strahler 1957). Then, stream length and the number for
each order were calculated using the GIS technique. We have
used Archydro in the Arc Map to identify the ordering stream.
The first step is the Fill tool and next is flow direction. The

Fig. 2 Tectonic setting of the
Arabian plate. Red arrows
indicate plate motions in
centimeters per year (After
Abdulnaby 2018)
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results of the Flow Accumulation tool were used to create a
raster stream network; then by applying a threshold value,
cells with a high accumulated flow were selected.
Consequently, the stream junctions or paths (i — j) were iden-
tified, and subsequently, the number of streams in each junc-
tion (Nsi — j) was obtained.

Geological units and their areas were derived from
1:250,000-scale geological map. In order to study the effect
of the tectonic activity on the drainage system and basins
morphometry, fold segments and type of the fault were im-
posed on the SRTM image. Different data of tectonics, struc-
tural geology, geomorphology, and stratigraphy of the ex-
posed rocks in the three basins were briefed using the best
available data.

Field work was carried out in 2015 to check about anom-
alous streams and some structural features like faults and their
effect on the drainage system. Moreover, some interesting
features were photographed and added into the current text.

Geological background

The mountainous area in northern Iraq was classified into
three physiographic provinces (Sissakian and Fouad 2012).
The study area is located in the Low-Amplitude
Mountainous Province and High-Amplitude Mountainous
Province. The three basins are located between Hareer,
Shakrook, Safin, and Pirmam anticlines (mountains)

Fig. 3 Shaded Relief with
topographic contour (contour
interval 250 m) calculated from
the SRTM Digital Elevation
Model showing the names of the
anticlines (mountains)
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(Fig. 3). Moreover, the basins include Hareer, Shakrook, and
Safin synclines. Ten geological formations are exposed within
these anticlines and synclines. They range in age from
Cretaceous (Qamchuga, Bekhme, Shiranish, and Tanjero for-
mations) to the Tertiary age (Kolosh, Khurmala, Gercus, Pila
Spi, Fatha, Injana, Mukdadiya, and Bai Hassan formations)
(Sissakian 1997) (Fig. 4).

The major folds in the study area (Figs. 3 and 4) are (from
the north to the south): Hareer anticline and syncline,
Shakrook anticline and syncline, Safin anticline and syncline,
and Pirmam anticline. Three streams flow in the troughs of the
synclines, they are Hareer, Dwaine, and Hijran. The asymme-
try of Hareer, Shakrook, and Pirmam anticlines are towards
northeast, whereas the asymmetry of Safin anticline is towards
the southwest. Therefore, the steep limbs are not the same in
the all anticlines; the steep limbs have formed very deeply cut
valleys (Fig. 5) which lead to the three basins. Different types
of faults were mapped (Sissakian and Youkhanna 1979) like
strike—slip, thrust, reverse, and normal faults, mainly parallel
and/or oblique to the fold axes. Only some of the mapped
faults are presented in the geological map (Fig. 4), due to the
scale limitation. Apart from the main thrust fault which exists
between Hareer and Shakrook anticlines and which has
narrowed the original width of Hareer syncline; accordingly,
narrowed the width of Hareer basin, the other faults have no
significant effect on the studied three basins. This is attributed
to the locations of the faults, which are mainly along the upper
parts of the anticlines. However, locally, the streams are
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Fig. 4 Geological map of the
study area (After Sissakian and
Fouad 2014)

44°0'E_

44°10'E 218 4450’ \ 44730

G Quaternary sediments @ Pilaspi Fm [ 2% ] Aqra-Bekme Fm

Bai Hassan Fm Bl Gercus Fm Qamchuqa Fm
Mukdadiya Fm BB Kolosh Fm & AXis of Anticline
Fatha Fm &% Tanjero Fm —¥— Axis of Syncline
Injana Fm IS Shiranish Fm A-A—A Thrust fault

following the faults in the form of straight valleys and/or
crossing some ridges (Fig. 6). Majority of the faults are locat-
ed in Safin anticline being mainly parallel to the axis, which
means that they are formed also due to the accumulated shear
stresses.

All the mentioned anticlines are located in the High Folded
Zone forming persistent mountains with rigged morphology,
whereas the northwestern parts (plunge areas) of the synclines
are located in the Low Folded Zone (Sissakian and Fouad
2014) (Fig. 4). The synclines form the main streams of the
studied three basins. The syncline which is located between

Shakrook and Safin anticlines (Safin syncline) forms hanging
syncline and occupying part of Dwaine basin.

The whole Arabian Plate in which the study area is located
suffers from regional shortening rate of 1.5 cm/year
(Abdulnaby 2018), whereas McQuarrie et al. (2003) have
measured the convergence rate to be about 2-3 cm/year.
However, this rate is certainly not uniform over all the plate,
being more as moving near the collision area between the two
plates (Arabian and Iranian). It is worth mentioning that dif-
ferent authors have calculated different shortening ratios from
different parts of Iraq. The differences in the calculated

et

Fig. 5 General view of Hareer
anticline. Note the deeply cut
valleys and wide Hareer basin
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Fig. 6 Stream crossing ridges due
to faults. Left Dawina stream
crossing a ridge to merge with
Hijran stream. Right Upper
reaches of Dawina stream
crossing a ridge in Safeen
anticline through a fault.
Shakrook anticline is in the
background

amounts depend on the procedure and accuracy of the
calculation. Marouf (1999) calculated the shortening amount
within the High Folded Zone, south east of the current study
area to range between 8 and 27%. Omer et al. (2015) estimated
the partial shortening percentages of four anticlines northeast
of'the current study area within the High Folded Zone to range
between 9.8 and 73.2%. Al-Shali (1992) estimated the region-
al shortening in parts of the High Folded Zone and Low
Folded Zone to be 15%. Al-Brifkani (2016) determined the
regional shortening of the High Folded Zone for six anticlines
and noted that there is a decrease in the amount of the short-
ening from 37.5 to 4% southwestward.

The main trend of the folds in the current study area is
NW-SE following the Zagros Range trend and is formed
due the stresses exerted by the collision of Arabian and
Eurasian (Iranian) plates (Fouad 2012) (Fig. 1). The accumu-
lated shear stresses due to the collision have formed the
existing faults; therefore, the main direction of the thrusting
is towards southwest. Some of the thrust faults are extensive
with tens of kilometers in length. Such as the thrust fault
between Hareer and Shakrook anticlines, which had caused
the disappearance of the synclinal axis between the two men-
tioned anticlines (Shakrook syncline) (Fig. 4).

It is worth mentioning that all the existing main streams are
following mainly the troughs of the synclines, and some of
them dissect the existing anticlines like Dwaine and Hijran
streams cross Safin anticline forming water gaps (Fig. 4),
mainly through existing faults. This means that the rate of
the growth of the folds is almost the same rate of the stream
incision; otherwise, wind gaps should be present in the anti-
clines (Keller and Pinter 2002; Ramsey et al. 2008).

The exposed geological formations (Fig. 4) in the studied
basins are briefed hereinafter based on Sissakian and
Youkhanna (1979) and Sissakian (1997). Those formations
which are out of the basins are not mentioned:

1- Qamchuga Formation (Lower Cretaceous): The forma-
tion consists of massive and very hard limestone, dolo-
mite, and dolomitic limestone. Very locally, the forma-
tion forms the limits of the basins. The thickness of the
exposed parts of the formation ranges 53—112 m.

@ Springer

Bekhme Formation (Upper Cretaceous): The formation
consists of thickly bedded limestone and dolomite. The
formation forms the carapace of the anticlines. The scarps
of the formation form the limits of the basins. The thick-
ness of the formation ranges 110-150 m.

Shiranish Formation (Upper Cretaceous): The formation
consists of well-bedded, fairly hard marl beds overlain by
thinly well-bedded and hard marl beds. The formation
includes the fine tributaries of the basins, almost forming
parallel drainage pattern. The thickness of the formation
ranges 180-220 m.

Tanjero Formation (Upper Cretaceous): The formation
consists of soft claystone and sandstone. The formation
locally forms the trough of the synclines including the
fine tributaries of the basins, forming dendritic drainage
pattern. The thickness of the formation ranges 230-
300 m.

Kolosh Formation (Paleocene): The formation consists
soft claystone and sandstone. The formation forms the
trough of the synclines, including the middle tributaries
of the basins, forming dendritic drainage pattern. The
thickness of the formation ranges 110—180 m.

Gercus Formation (Paleocene—Eocene): The formation
consists of soft claystone and sandstone. The formation
forms continuous belts surrounding the syncline, includ-
ing the middle tributaries of the basins, forming dendritic
drainage pattern. The thickness of the formation ranges
130-150 m.

Pila Spi Formation (Eocene): The formation consists of
hard limestone and dolomite. The formation forms con-
tinuous ridges in the form of flatirons surrounding
the anticlines and locally in the trough of hanging
synclines, including the fine tributaries in the form
of parallel drainage pattern, and locally forms the
synclinal valleys of the basins. The thickness of the
formation ranges 100—120 m.

Fatha Formation (Middle Miocene): The formation con-
sists of claystone with rare gypsum and limestone beds in
cyclic nature. The formation forms continuous belts sur-
rounding the anticlines in the form of cuestas and hog-
backs, including the middle tributaries in the form of
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trellis drainage pattern. The thickness of the formation
ranges 120-150 m.

9 Injana Formation (Upper Miocene): The formation con-
sists of claystone and sandstone beds in cyclic nature.
The formation forms cuestas and hogbacks and anticlinal
ridges, including the middle tributaries of the basins in
the form of trellis drainage pattern. The thickness of the
formation ranges 330400 m.

10 Mukdadiya Formation (Upper Miocene—Pliocene): The
formation consists of claystone and sandstone beds in
cyclic nature. The formation forms cuestas, hogbacks,
and bad lands, including the middle tributaries of the
basins in the form of trellis drainage pattern. The thick-
ness of the formation ranges 430—500 m.

11 Bai Hassan Formation (Pliocene—Pleistocene): The for-
mation consists of claystone and conglomerate beds in
cyclic nature. The formation forms cuestas, hogbacks,
and bad lands, including the fine and middle tributaries
of the basins in the form of dendritic drainage pattern.
The thickness of the formation ranges 300—500 m.

12 Quaternary Sediments: These are well developed, espe-
cially alongside the anticlines in the form of alluvial fans
which form Bajadas. Moreover, terraces, slope sedi-
ments, and valley fill sediments are also developed in
the basins, especially in the troughs. The thicknesses of
the different types are variable depending on the type and
morphological position. However, the thicknesses are
less than 10 m.

Morphometric indices

The morphometric indices are a tool for analyzing the land-
forms and evaluating the degree of tectonic activity in a given
area (Alipoor et al. 2011; Elias 2015; El-Hamdouni et al.
2008). All geomorphic indices are influenced by the physical
and mechanical properties of the exposed rocks in the studied
area. The considered indices are the hypsometric curve, the
Af, and the Bs indices. The indicated indices are mentioned
hereinafter.

Hypsometric curve

The hypsometric curve represents the area distribution of re-
lief and allows the identification of the evolutionary stage of
the drainage basin (Bahrami 2013). The total area of the basin
“A” is subdivided into sectors along the contour lines.

The curve (graph) represents the a/A ratio (relative area) on
the x-axis,

where a is the area of the basin above the elevation £,

h/H is the ratio (relative elevation) on the y-axis,

h is the height of the contour line, and

H is the maximum elevation of the basin.

A curve that is convex upward indicates a youth stage, a
sigmoid curve indicates a mature stage, while a concave-
upward curve indicates an old stage (Fig. 7).

Asymmetric factor

The asymmetric factor is defined as: Af=100*(Ar/At)

where Ar denotes the basin area to the right (facing down-
stream) of the trunk stream, and At denotes a total area of the
drainage basin.

The Af'is classified into three classes: (class 1) (Af< 35 or
Af>65), (class 2) (57 < Af< 65 or35 < Af<43), and (class 3)
(43 < Af<57), indicating high, medium, and low relative tec-
tonic activity (Keller and Pinter 2002). In case of tectonic
tilting, the values of Af are either greater or lower than 50
and the tributaries are present on the tilted side of the main
growing stream. The latter is not the case for those located on
the other side (Abrahams 1984).

Basin shape index

The basin shape index is defined as: Bs = Bl/Bw (Keller and
Pinter 2002).

Where Bl is the length of a basin measured from the head-
waters point to the mouth of the sub-basin, and Bw is the
width of the sub-basin measured at its widest point.

The Bs includes three classes: (class 1) elongate basin with
Bs>4, (class 2) semi-clongate basin with 3 <Bs<4, and
(class 3) circular basin with Bs < 3. The three classes refer to
high, medium, and low relative tectonic activity, respectively
(Keller and Pinter 2002).

Parameters of the hierarchy
of the hydrographic network

The calculation of these parameters defines the influence of
the tectonics on the hydrographic network evolution. High
values of these parameters indicate a poorly developed hier-
archy and generally reflect active tectonics. The parameters
used for this type of analysis are mentioned hereinafter:

Hierarchical anomaly number

The drainage system of a basin is subdivided into fluvial seg-
ments with increasing hierarchical order (Horton 1945). In
Strahler’s ordering system (Elias 2015), all headwater tribu-
taries (nearest to the basin divide) are referred to as first-order
streams. Two first-order streams produce a second-order
stream, two second-order stream produce a third-order stream,
and so forth.

@ Springer
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Fig. 7 Hypsometric curves of the three basins. Left Hareer. Middle Dwaine. Right Hijran

Streams of i-order that flow in streams of i+2,1+3 ......
etc. are anomalous stream junctions. Santangelo [11] defined
the Ha as the minimum necessary number of the first-order
segments to render the network perfectly hierarchical.
However, using the Abrahams (Bull 2007) method, the Ha
parameter can be calculated manually.

Different equations are introduced to calculate the hierar-
chical anomaly. In this study, the Hai equation, the number of
every stream junction (Hai — j), and hierarchical anomaly
number of the whole basin (Hat) are calculated using the
equation given by Guarnieri and Pirrotta (2008), which states
that Hai—j=2 (j—2) -2 (i—2).

By calculation of Hai — j, the number of streams for each
junction (Nsi—j) of the three basin was obtained.
Then, the hierarchical anomaly of the whole catchment
(Hat) is calculated from the sum of Hai— j multiplied
by Nsi— j (Guarnieri and Pirrotta 2008; Bahrami 2013),
where mNsi —j is the number of the streams in each
path. The higher the difference between i and j, the
higher is the hierarchical anomaly number (Bahrami
2013). After calculation of Hai—j, the number of
streams for each junction (Nsi—j) of basin was obtain-
ed. The hierarchical anomaly number of the whole
catchment (Hat) is calculated from the sum of Hai—j
multiplied by Nsi— j:

Hat = Y (Hai—j x Nsi—j)

The Aa parameter is sensitive to the effects of tectonic
activity. In tectonically active mountains such as Zagros, the
basins are elongated due to the effect of long anticlines and
synclines (Avena et al. 1967), which is the same as in the
studied area and near surroundings. Therefore, the value of
the Hat index seems to be high in comparison with the N1
parameter; accordingly, the Aa values of the basins are high.

Hierarchical anomaly index
The Aa is defined as the ratio of the Ha to the number of the

first-order network (N1) (Abrahams 1984; Santangelo et al.
2013).

@ Springer

Morpho-structure of the folds

Based on the geomorphology of the folds and the direction of
hinge lines, folds of the studied area are divided into a number
of segments (Fig. 3). These segments probably have started as
separate folds related to separate structural zones. Then, they
propagated laterally with the evolution of deformation and
linked to form one single fold. After linkage, the linked folds
and their related thrusts begin to overlap. The topography in
the linkage area becomes smoother after a long time from
linkage (Talling and Sowter,1999). Thus, the geomorphic
criteria that indicate lateral growth may progressively disap-
pear. There are variations in the direction of hinge lines along
the folds that display lateral growth (Bretis et al. 2011). This
indicates changes in the stress direction with the time. Such
linkage of many segments forming one long structure with
many folds arranged in en-echelon pattern was recorded in
Qara Dagh anticline (Sissakian et al. 2018), which is located
southeast of the studied area. The lateral growth of the anti-
clines is clear in Shakrook, Safin, and Pirmam anticlines with
increasing anomalous streams, especially in the orders 6 and 7
(trunk channel of Dwaine streams), and increasing anomaly in
the orders 3 and 4 in Shakrook and Pirmam anticlines.

Results

The results of the acquired Bs values are assigned in Table 1;
they indicate high, medium, and low relative tectonic activity
in Hareer, Dwaine, and Hijran basins, respectively, as com-
pared with the introduced three classes (Keller and Pinter
2002). We also have determined the Ha and Aa for the drain-
age system of the three studied basins, and the data are
assigned in Table 1. Moreover, all the used necessary data
which were used for calculation of different factors are sum-
marized in Table 1.

The indicated hydrographic network of the studied three
basins is represented according to the Strahler (1957) ordering
system (Fig. 8). The network was indicated using the GIS
technique (Archydro in the Arc Map).
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Table 1 Morphology of the basin, area, maximum elevation, outlet
elevation, basin shape, total length, drainage density, and hierarchical
anomaly index (Aa)

Morphology of basin Hareer Dwaine Hijran
Area (km?) 348.701 218.07 253.79
Max elevation (m) 1500 2000 2000
Outlet elevation (m) 372 511 365
Basin shape index (Bs) 2.8 3.04 5.8
Asymmetric factor (Af) 61.4 49.7 47.2
Total length (km) 2242.25 1351.35 1584.09
Drainage density (km/km?) 6.43 6.19 6.24
Hierarchical anomaly index (Aa) 1.87 237 1.35
Discussion

The merging points of the individual fold segments have ma-
jor effects on the pattern of the regional drainage system. The
hypsometric curves of the three basins have a typical shape of
a mature stage with a slight rejuvenation in the lower and
middle parts of the curves (Fig. 7); they are the same as rec-
ognized by Bahrami (2013) in Iran within Zagros Range. This
is attributed to a local uplift linked to the normal and thrust
faults.

The hypsometric curve lines are almost similar in the three
basins indicating mainly old stage basins (Fig. 7). However, in
Dwaine and Hijran basins, the curve leaves the relative area
(a/A) at a value of about 0.2, whereas that of Hareer leaves the
relative area (a/ A) at a value of about 0.1. Moreover, the three
curves leave the old stage and run in between old and mature
stages for about 70% of their relative areas (a/ A) and join the
mature stage at the end of their relative areas, indicating that
they are already in mature stages. The values of the Af are
shown in Table 1. The tilting in the right side is clear in Hareer
basin due to the impact of the main thrust fault along the
southwestern limb of Hareer anticline (Figs. 3 and 5).

Seven-order streams is recognized in the study area follow-
ing Strahler (1957) method (Table 2). Regarding the relative
parameters of the hierarchal analysis of the hydrograph net-
work, the reach of order is seven for the three basins, showing
well-organized drainage. The values of Hat and Aa indices are
given in Table 3. The Hat values of the basins range from
7014 in Hijran basin to 13,615 in Hareer basin. The data
presented in Table 3 shows that in basins with higher Hat
values, the number of the streams with low order (i.e., 1)
which joins with higher-order streams (i.e., 6 and 7) is con-
siderably high. The values of Aa are 1.87, 2.37, and 1.35 in
Hareer, Dwaine, and Hijran basins, respectively (Table 1).
These data also indicate active tectonics in the studied three
basins. Such activity was also detected in Sicilian side of the
Messina Strait (NE Sicily, Italy) (Guarnieri and Pirrotta 2008)
and in southern Apennines, Italy (Santangelo et al. 2013).

Hareer basin
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Fig. 8 Drainage map of basins. The hydrographic network is represented
according to the Strahler (1957) ordering system

The growth of the folds becomes younger northeastwards
in the study area. Therefore, the fold growth has effected on
the drainage pattern in the following forms: (1) decrease in the
relief of the topographic profile along the fold crest in Dwaine
and Hijran drainage basins, (2) development of younger trib-
utaries along the fold growth direction, (3) development of
characterized asymmetry drainage pattern and hypsometric
curve index, and (4) the values of hierarchy of the parameters
of the hydrographic network indicate a poorly developed hi-
erarchy. Variations in the direction of hinge lines along the
Hareer anticline are very clear. This is another indication for
the lateral growth of the fold. Such indication was also

@ Springer
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Table 2 Stream order, number of stream order, stream length, and area
(for Hareer, Dwaine, and Hijran basins, respectively)

Stream order (U) No of streams (NU) Stream length (km) Area (km?)

Hareer
1 7248 1.79 2.37
2 1440 5.13 1.03
3 306 2.15 2.79
4 73 4.92 7.76
5 18 247 4.006
6 4 5.18 7.73
7 1 2.24 348

Dwaine
1 4418 1.21 2.51
2 925 5.29 8.65
3 225 1.53 247
4 50 4.76 8.14
5 1.42 2.37
6 4.65 7.604
7 1 1.35 2.18

Hijran
1 5170 1.24 1.79
2 14,047 4.52 7.15
3 230 1.66 2.65
4 48 5.86 9.36
5 10 1.28 2.06
6 2 2.62 4.208
7 1.58 2.53

mentioned in Zagros Range at the northeastern part of Iraq
(Bretis et al. 2011).

The fold growth in the study area has not developed from a
single involved fold but lateral linkage of several different fold
segments. Such examples are recorded from Qara Dagh anti-
cline (Sissakian et al. 2018) which is located southeast of the
current study area.

The fold growth has impact on the topography of the study
area and drainage pattern. The fold growth’s control on the
drainages anomaly is validated by linear regressions (directly
proportional) for AF, Bs—Aa, and B/Bw—Aa pairs, revealing
that the drainage anomaly of basins increases with increasing
the length of the basins (Table 2). Mature stage of the
hypsometry curve is also connected with the shape of the
basin.

The lateral fold growth in the study area has resulted in
variations of morphometric parameters of the basins formed
within the four folds: Hareer, Shakrook, Safin, and Pirmam.
Therefore, the folds became younger, as their growth is con-
sidered from northeast to southwest demonstrating that the
deformation front is migrating from the Suture Zone, which
is located northeast of the study area. The folds’ variations

@ Springer

also have considerable effects on the differences of drainage
system patterns and anomalies. This effect is clear in the shape
of Dwaine and Hijran basins, because they are located be-
tween two steep anticlines and synclines. Parallel and trellis
drainage patterns are developed in the two basins; consequent-
ly, the hierarchical anomaly number is increased and hence
the Aa value is increased too, whereas, in Hareer basin, espe-
cially when the stream flows westwards of Shakrook anticline
(Figs. 1 and 4), the basin becomes very wide (Fig. 5). This is
attributed to the exposed soft rocks (Kolosh and Gercus for-
mations) as compared to the hard rocks of Bekhme
Formations which form the carapace of all mountains
(anticlines) in the study area. Such case was identified in
NW Zagros (Talling and Sowter 1999; Zhang et al. 2006).
Moreover, the stream east of Shakrook plunge area is very
narrow due to a large thrust fault (Fig. 4) which is very clearly
recognized in the field.

Variation in the fold growth from NW to the SE
allows the drainage basin to adjust the growth. This
adjustment is clearly shown by the movement of the
trunk river towards northwest of the growing limb.
Moreover, the basin shape is also an indication for tec-
tonic activity; an elongated basin indicates high tectonic
activity. The three studied basins have elongated shapes
(Fig. 8), indicating high tectonic activity in the studied
basins. Such indication is also noticed and confirmed
from different streams and basins in Italy (Avena
et al. 1967).

The amplitude of the folds increases from north to south.
This is clear in Safin anticline which has the highest amplitude
followed by Shakrook and Hareer. However, Pirmam anti-
cline shows lower amplitude than Safin, although it is located
south of Safin anticline. This is attributed most probably to (1)
the type of the exposed rocks in Pirmam anticline which are
well-bedded limestone of the Pila Spi Formation underlain by
soft clastics of Gercus and Kolosh formations (Fig. 4); (2)
Pirmam anticline represents the last fold in the High Folded
Zone as moving southwards, which means it has received less
compressional forces as compared to Safin anticline; and (3)
Pirmam anticline has received more compressional forces than
Shakrook and Hareer, this is confirmed by the existence of
two hanging synclines northwards of Safin anticline (Fig. 4).
Both synclines are extensively faulted (Fig. 6), indicating ex-
tensive compressional forces which have developed the hang-
ing synclines.

Conclusions

From the fluvial morphometric study, we have recog-
nized that there is a structural control over the develop-
ment of the studied three drainage basins. The tectonic
forces have played a role in shaping the land forms
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Table 3

Stream junctions (i — j), hierarchical anomaly number of every stream junction (Hai — j), number of streams for each junction (Nsi— j),

Hai — j by Nsi — j, and hierarchical anomaly number of the whole basin (Hat) in the studied three basins

i—j Hai —j Nsi—] Hareer Hai —j Nsi—j Dwaine Hai—j Nsi—j Hijran
A B AxB A B AxB A B AxB
1-2 0 5279 0 0 3481 0 0 4398 0
1-3 1 952 952 1 428 428 1 370 370
1—4 3 580 1740 3 263 789 3 188 564
1-5 7 277 1939 7 79 553 7 97 679
1—6 15 77 1155 15 37 555 15 24 360
1-7 31 83 2573 31 130 4030 31 93 2883
2-3 0 1036 0 0 787 0 0 942 0
2—-4 2 158 316 2 36 72 2 53 106
2—5 6 118 708 6 29 174 6 35 210
26 14 55 770 14 15 210 14 3 42
27 30 73 2190 30 58 1740 30 14 420
34 0 234 0 0 169 0 0 185 0
35 4 32 128 4 6 24 4 17 68
356 12 17 204 12 2 24 12 3 36
37 28 23 644 28 48 1344 28 25 700
4—5 0 20 0 0 29 0 0 26 0
4—6 8 10 80 12 3 24 8 1 8
4—-7 24 7 168 24 18 432 24 21 504
5—-6 0 15 0 0 4 0 0 6 0
57 16 3 48 16 80 16 4 64
6—7 0 2 0 0 0 0 2 0
Hat 12,971 10,479 7014

during the geologic history. However, the role of the
rock types cannot be ignored, since wide streams are
developed in weak rocks, whereas in hard rocks, narrow
streams are developed with steep banks. Using the stud-
ied geomorphological indices, it can be shown that
Hareer, Shakrook, Safin, and Pirmam anticlines and
the existing faults, especially thrust faults, have played
a big role on the shaping of the streams of the three
basins. Not only the anticline effect but also the syn-
cline effects on the shaping of the streams and trunk of
channels are clear. The result of the impact is clear on
the increasing of the hierarchical anomaly number in the
orders 6 and 7, because of increasing order one. The
lateral growth of the folds has effected on the increasing
of the anomaly in the streams of orders 6 and 7. The
hypsometric curves of the three basins indicate that the
basins are of old stage; however, they have passed to a
mature stage in their ends. The Bs and Hat values in
Hareer, Dwaine, and Hijran basins indicate that the ba-
sins exhibit low, medium, and high tectonic activity,
respectively.
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